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Abstract.

A chemical transport model is used to investigate the processesthat control the

depth and duration of the ozone'hole' in the lower stratosphere through comparisons of

model output with measurements from the Total Ozone Mapping Spectrometer (TOMS)

and from the Microwave Limb Sounder (MLS) and Halogen Occultation Experiment

(HALOE), both on the Upper Atmosphere Research Satellite (UARS). This study

extends previous model comparisons with observations into October and November and

examine levels in (>31 hPa) and above (<31 hPa) the chemical loss region. Averages

of column ozone in the model decrease through mid-October below 31 hPa but begin

to increase in mid-September above 31 hPa. An investigation of model-tracer data

comparisons and other meteorological parameters indicate that the model presents a

consistent picture of top-down recovery and tracer transport. An 03 budget study at 500

K (below 31 hPa) and 840 K (above 31 hPa) is carried out to investigate the processes

that control the timing of the transition of ozone from a chemical to dynamically driven

regime. The model ozone decrease at 500 K is due to chemical loss in August and

September but is due to upward motion in October. The ozone increase at 840 K is

primarily due to photochemical production, with a smaller contribution from transport.

These results show that chemistry and dynamics can play different roles in polar vortex

ozone recovery at different levels.



Introduction

Modelssimulating ozonebehavior must havethe appropriate balanceof dynamics,

photochemistry and radiative processesto mimic the responseof ozonein the

stratosphereto natural and anthropogenicchanges. Model performanceis evaluated

by demonstrating that model output is similar to observationsfrom satellites, balloons

and aircraft. This approachhasbeenapplied to investigating stratospheric Arctic and

Antarctic ozonelossduring the winter and early spring. Three-dimensionalmodelswith

assimilatedwinds and temperatureshave beenusedsuccessfullyto evaluate the timing

of chlorine activation by polar stratosphericclouds (PSCs),and the relative contribution

of different ozonelossmechanismsduring the Arctic winter [Chipperfield et al., 1994a;

Chipperfield et al., 1994b; Lefevre et al., 1994; Lefevre et al., 1998; Chipperfield and

Pyle, 1998; Hansen and Chipperfield, 1999; Goutail et al., 1999; Douglass et al., 1993;

Deniel et al., 1998]. A year by year study using meteorological input from the European

Center for Midrange Weather Forecasting [Chipperfield et al., 1996a] and a multi-year

simulation of the polar winter using UKMO inlSut [ChipperfieId, 1999] have shown that

interannual variability in meteorology does have an affect on the potential for ozone loss.

Modeling studies of the Arctic and Antarctic winter/spring have been able to define the

altitude range of greatest ozone loss (400-500 K) but underestimate the cumulative loss

in this region [Chipperfield et al., 1996b; Ricaud et al., 1998; Deniel et at., 1998]. These

model studies focused primarily on the time and altitude region of greatest ozone loss

but do not consider the interplay between chemistry and dynamics and the role each



has throughout moreof the vortex.

In this study of the 1997Antarctic winter and early spring, we extend model

comparisonswith observationsinto October and early Novemberand examine levels in

and abovethe chemicallossregion. PreviousAntarctic modelstudies haveexaminedthe

time period betweenAugust and Septemberand betweenthe 450 K and 600 K potential

temperature surfacesinside the vortex [Chipperfield et al., 1996b; Ricaud et al., 1998].

Photochemistry and dynamics, however, continue to influence the depth and duration

of the ozone 'hole' beyond September. The 3D CTM is a tool which can be used to

compare constituent evolution with observations to evaluate what processes control

ozone in transitioning from a chemical to transport driven regime. Understanding how

these processes control ozone is important if we are to assess future impacts of changing

chlorine levels and climate change on ozone.

This paper presents general vortex ehararcteristics for the 1997 Southern

Hemisphere from August to November 1997 in the lower stratosphere. The observations

are described in the next section. Section 3 describes the 3D CTM. In Section 4,

comparisons of total column observations from the Earth Probe Total Ozone Mapping

Spectrometer (TOMS) with model fields show that the model total column is within

15% of the TOMS observations and consistent with the observed ozone column

tendency. Separating the model column into layers shows that the column increases

above 31 hPa beginning in mid-September but decreases through early October below

31 hPa. Meteorological fields at 500 K and 840 K chosen to represent these regions

and comparisons with methane observations from the Halogen Occultation Experiment



(HALOE) demonstratethat the modeldynamics producea consistentpicture of vortex

evolution and strength providing confidencein the model dynamics. In Section 5, we

comparevortex averagedOa with observationsfrom the Microwave Limb Sounder

(MLS) at 500 K and 840 K, to show that the modeled ozone evolution agrees fairly

well with observations and is consistent with the model column behavior. Using the

model ozone tendency, model production, and model loss terms, we show that the ozone

decrease at 500 K in August and September is due to chemical loss but is the result of

upward motion in October. At 840 K, photochemical production is mainly responsible

for the ozone increase beginning in mid-September. Section 6 provides a summary of

the results.

2. Data

The constituent fields in the CTM will be compared with observations from MLS,

HALOE (both on UARS) and TOMS. The MLS views from 34 degrees latitude in one

hemisphere to 80 degrees latitude in the other hemisphere for periods of about a month,

during which the satellite orbit precesses. The spacecraft is then yawed to keep the cold

side away from the Sun, and MLS views the Opposite hemisphere. Power limitations

on UARS reduce MLS coverage of the Southern Hemisphere winter to scattered days

during August, September, October and November 1997. HALOE makes observations

at each of two latitudes most days during the winter; the scan pattern sweeps with time,

to obtain near global coverage in about one month. TOMS provides observations for

the sunlit portion of the Earth on a daily basis. Each instrument is described below.
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using the version 18 algorithm. It is estimated that the total error for 50 to 0.3 hPa is

less than 15% with a precision of 7% or less.

Total Ozone Mapping Spectrometer (TOMS)

The Earth Probe TOMS instrument provides measurements of total column ozone

by measuring solar irradiance and the radiance backscattered by the Earth's atmosphere

in six selected wavelength bands in the ultraviolet [McPeters, et al., 1998]. Retrieval

of total ozone is based on the comparison between measured normalized radiances and

radiances derived by radiative transfer calculations for different ozone amounts. The

algorithm is identical to the one used for the Version 7 Nimbus-7 and Meteor-3 TOMS.

For Earth Probe TOMS, the absolute error is 3%, random error is 2%, and drift is less

than 0.6%.

3. GSFC Chemistry and Transport Model

The CTM used here is an improved version of that used in previous analyses

of observations from UARS instruments MLS, the Cyrogenic Limb Array Etalon

Spectrometer (CLAES), and HALOE [Kawa et al., 1995; Douglass et al., 1997; Douglass

and Kawa, 1999] and NIMBUS 7 TOMS observations [Douglass et al., 1996]. The

assimilation system is fully described by Data Assimilation Office (DAO) [1997].

Douglass and Kawa [1999] discuss the improvements to the assimilation system resulting

from the rotation of the computational pole to the equator and raising the top level of

the general circulation model from 0.4 hPa to 0.1 hPa in the assimilation.
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The assimilation fields are produced at 2° latitude by 2.5° longitude horizontal

resolution and are used on this horizontal grid in the CTM. There are a lot more

levels in the assimilation than in the model. The assimilation winds are mapped onto

the model vertical levels using an integration scheme developed by S. J. Lin (personal

communication, 1999). There are 28 model vertical levels, with 11 sigma levels in the

lower atmosphere and 17 pressure levels above with a boundary at 130 hPa separating

the sigma and pressure regimes. The spacing is about 1.5 km up to 20 km, and increases

to 4 km above 30 km. Advection is accomplished using the transport scheme developed

by Lin and Rood [1996].

The photochemical scheme, calculated in 15 minute timesteps, includes all gas

phase reactions thought to be important in the stratosphere; rate constants and

temperature-dependent cross sections are taken from DeMote et al. [1994]. Changes in

recommended values for some of the gas phase reactions as reported in DeMote et al.

[1997] are not important to this study. The heterogeneous chemistry package (reactions,

surfaces, surface areas, particle size and sticking coefficients) is described by Douglass

and Kawa [1999] and is essentially identical to the recommendation by DeMote et al.

[1997] but does not include sedimentation, denitrification or dehydration.

For all simulations, the initialization for long-lived species and families follows the

procedure described by Douglass et al. [1997]. The simulation is initialized March 18,

1997 and continues until March 18, 1998. Since the model study period does not begin

until August 1, 1997, there is little or no sensitivity to the initial conditions.



4. Results

Ozone column and vortex characteristics

Figure 1 shows the time series of the vortex average total column ozone from

TOMS and the model from August 1 to mid-November. The vortex edge at 500 K is

defined to be the location of the highest Ertel's potential vorticity (EPV) gradient [Nash

et al., 1996]. Both the model and the TOMS total column decrease from September 1

to early October. The model total column is within 15% of the TOMS column during

this period and is in better agreement as the column levels off in mid-October. This

difference, however, is not the result of a difference in the way the model and TOMS

sample the vortex. The model captures the rapid increase in the total column seen in

the TOMS observations as the vortex begins to break up in mid-November.

Vv'e separate the model total ozone column to examine the column tendency at

different levels. The column below 57 hPa decreases from August through early October

then levels off. The column between 31 and 57 hPa exhibits similar behavior. Above 31

hPa, however, the column begins to increase in mid to late September. Figure 1 shows

that the increase above 31 hPa contributes about 10 DU to the column change between

mid-September and mid-October. \Ve focus our investigation on the 31-57 hPa and

above 31 hPa regions by examining the vortex at 500 K (approximately 40 hPa) and

840 K (approximately 10 hPa).

The modified potential vorticity (MPV) [Lait, 1994] for the 500 K potential

temperature surface in the Southern Hemisphere from August 1 to November 15 shows
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that the vortex remainswell-definedup to November15 (Figure 2). MPV intensifies

near the pole in September.The intensity of the vortex remains nearly constant until

November1, after which the vortex weakens(seeNovember15) and breaks up around

November20 (not shown). The MPV on the 840 K surface is shown in Figure 3. The

shape of the vortex at 840 K is very similar to the shape at 500 K, but the evolution

differs. While the vortex strengthens through September on the 500 K surface, the

vortex at 840 K begins weakening in September, and the maximum horizontal gradient,

which locates the boundary separating the vortex and middle latitudes, decreases much

more quickly.

We use a study similar to Newman [1986] to define the final warming and vortex

breakdown on the 500 K and 840 K potential temperature surfaces. Labitzke and Van

Loon [1972] described the transition from winter to summer as a reversal of the pole

to mid-latitude temperature difference. Miller et al. [1970] and Yamazaki et al. [1985]

found that the reversal in pole to mid-latitude temperature gradient is followed by a

decrease in the zonal mean wind to weak westerlies or reversal to weak easterlies. Figure

4 shows the analyzed average wind speed at the vortex edge on the 500 and 840 K

potential temperature surfaces. At 840 K, the average wind speed at the vortex edge

remains fairly constant until early October when it begins to decrease at a rate of 1

m/s/day. Wind speeds along the vortex edge at 500 K however remain constant until

November before falling off at a similar rate. Figure 5 shows that the difference between

the zonal average temperature at 82°S and 50°S changes sign in early October at 840 K

but not until mid-November at 500 K. Both of these diagnostics along with the MPV
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plots in Figure 2 and 3 areconsistentwith top-down recovery;the vortex weakensfirst

at the higher altitudes and weexpect to seean increasein ozonemixing ratios ashigher

ozoneair movesinto the vortex from mid-latitudes. The jumps in the temperature

differencesfor both surfacesin mid-October and early Novemberare related to vortex

wobble.

Comparisonsbetweenobservedand modeled constituents provide a meansto

assesschemistry and transport in the model. Figure 6 comparesthe modeledCH4 with

HALOE sunset profiles from October 1, 1997. The contour plot of model CH4 at 15 mb

(Figure 6a) shows a distinct gradient between vortex and mid-latitude air, with higher

values of CH4 outside the vortex than inside the vortex. The locations of the HALOE

sunset profiles are shown in Figure 6a (asterisks), and Figure 6b displays these data as

functions of pressure. Figure 6c shows the modeled CH4 profiles closest in time and

space to the HALOE profiles. The profiles in Figure 6b and 6c are color-coded to match

the CH4 mixing ratios seen in Figure 6a. The HALOE and model profiles both show

CH4 increasing with increasing pressure. The horizontal structure observed in HALOE

CH4 is consistent with that in the model field. Both show differences in the shapes of

vortex and mid-latitude profiles. The weak vertical gradient in HALOE CH4 between 1

and 15 hPa in the vortex is similar to that reported by Russell et al. [1993b] and results

from descent of mesospheric air from above [Fisher et al., 1993]. In the model, a weak

vertical gradient is produced between 1 and 10 hPa. At 15 hPa, the difference between a

HALOE vortex and midlatitude profile is about 0.8 ppmv CH4 but only 0.4 ppmv CH4

in the model. Part of the discrepancy between the model and HALOE is due to the lack
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of a model mesosphere,as there are no CH4 mixing ratios assmall as those observed

by HALOE at 1 hPa during winter anywherein the model domain. Below 10hPa, the

differencesare a result of insufficient descentor too vigorousmeridional mixing in the

model. In general, the model simulates the structure and evolution of the trace gas

distribution in the-high-latitude spring fairly well so that wemay focus our attention on

Oa and the interplay of chemistry and dynamics.

5. Ozone tendency at different levels

To identify the processes contributing to the ozone evolution in the model, we focus

on the 500 and 840 K potential temperature surfaces. Figure 7 provides a comparison

of timeseries for these two surfaces for the model ozone (Figures 7a and 7b), the model

ozone tendency (Figures 7c and 7d), the net photochemical production, loss, and their

sum (Figures 7e and 7f), and lastly, the contribution to the ozone tendency from

advection (Figures 7g and 7h) determined from the continuity equation

/)Oa/0t = P + L + Advection (1)

where cgOa/0t is the ozone tendency, P is model ozone production and L is the model

ozone loss. All of these quantities are area-weighted vortex averages.

Figure 7a directly compares the area-weighted model vortex average Oa mixing

ratio (solid lines) with symbols which represent tile MLS area-weighted Oa vortex

average. The model average ozone mixing ratio at 500 K decreases from 3.5 to 1 ppmv
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from August 1 through November1 and agreeswith the MLS Oavortex averagesfound

in earl}" August and late October but agreementis poorer in late August and earl}'

October. The poorer agreementis most likely tile result of not having denitrification

and sedimentation in the model. Figure 7cshowsthat the changein Oa at 500 K is on

the order of-0.02 m -0.03ppmv/day, consistent with previousstudies in the Antarctic

[McKenzie et al., 1996]. Figure 7e shows the change in ozone due to chemistry from the

area-weighted vortex average Oa production and loss. At 500 K, the decrease in ozone

between August and September is primarily the result of chemical loss of ozone by

activated chlorine. As polar night recedes and sunlight returns to the region, production

begins to offset the effects of the loss processes, and eventually the chemical tendency in

ozone is positive (although very small) as active chlorine decreases through reformation

of chlorine reservoirs. Advection, however, contributes more to the ozone tendency in

October than photochemical processes (Figure 7g).

There are several pieces of information that support advection being the source

of ozone loss in late October and early November. Although the effects of not

having denitrification and sedimentation in the model are apparent in the model-data

comparisions in late August and mid-October, Brasseur et al. [1997] demonstrated using

a model that denitrification and sedimentation have little impact on ozone loss in late

October and early November. Model N_O fields on the 500 K surface do not increase

in August and September but increase through all of October and into November (not

shown). Horizontal advection at 500 K would increase Oa and N_O while downward

motion would decrease N20. Upward motion, which decreases Oa and increases N20,
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describesthe model ozonetendency. Calculations by Rosenfield and Schoeberl [1999]

using diabatic heating rates and trajectories for 1997 show weak descent within the

vortex up to September 1 but upward motion by October 1. As the vortex experiences

increased insolation, increased radiative heating results in upward motion. Finally, a

model study by Lefevre et al. [1998] for the 1996-1997 Arctic winter also showed that

a large-scale dynamics induced minimum contributed to the anomalously low columns

over the Arctic in March [Newman et al., 1997] along with chemical loss.

Figure 7b shows that at 840 K the model Oa mixing ratio remains unchanged at

about 4 ppmv through early September and increases to 4.75 ppmv by mid-October.

This change is also seen in the MLS observations. Figure 7d shows that ozone increases

in September at a rate of 0.02-0.04 ppmv/day. Comparing figure 7d with 7f and 7h shows

that the increase in model ozone between September and early October is primarily

due to chemical production (Figure 7f). Note the production and loss curves are scaled

down by a factor of 5 to fit the same scale as Figures 7d and 7h, consistent with higher

photolysis rates at higher altitudes. Figure 7h indicates that advection does contribute

to the September-early October model ozone increase with more of a contribution in the

early part of September, but photochemical production plays the larger role at 840 K.

Manney et al. [1993] point out that planetary wave activity generally increases in

August and September leading to more transport and more distortion and changes in

vortex size. To further illustrate the importance of photochemistry to the 03 increase

at 840 K during September and early October, we plot the vortex edge and 03 as a

function of equivalent latitude in Figure 8. The white solid line denotes the equivalent
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latitude of the vortex edge. Through most of August, the area of the vortex ranges

betweenan equivalent latitude of 54°Sto 62°S . For Septemberand early October,

however,the vortex boundary remainsconstant at 62°S . Thus, the increasein model

ozoneat 840 K in Figure 7b is not an artifact of horizontal advection acrossthe vortex

edgeor a changein the vortex size. Figure 8 alsoshowsthat the increasein model ozone

occurs throughout most of the vortex and is consistentwith the calculations in Figure 7

(b,d,f,h).

6. Summary and Conclusions

The results presented here, which document the 1997 Southern Hemisphere late

winter and early spring as part of a one year model simulation using assimilated winds,

were used to clarify the processes that control the depth and duration of the 1997

Antarctic ozone 'hole'. Separating the model column into different levels showed that

the tendency of the total ozone column does not reflect the tendency at all levels.

While the model total column is fairly constant in October, the column above 31

hPa is increasing but the column below 31 hPa is decreasing. Designating 500 K and

840 K theta levels to represent these regions, an investigation of modified potential

vorticity, assimilated winds, and assimilated temperatures at these levels show that

the model presents a consistent picture of the vortex weakening from above leading to

ozone recovery from the top down..Model-tracer data comparisons of CH4 profiles also

showed that the model has reasonable tracer transport, lending further support to the

model dynamics. Using the ozone continuity equation, model production, and loss, the
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processesresponsiblefor the ozonetendencyat eachlevel wereidentified:

• Area weightedvortex averagesof model and MLS 03 at 500 K both show that

ozone decreases from August through the end of October. The decrease in August and

September is due to chemical loss. The loss in October, however, is the result of upward

motion due to heat-ing as sunlight returns to high latitudes. A year by year investigation

of the heating rates and trajectories shows that the uplift at 500 K does occur in other

years but not every year (J. Rosenfield, personal communication, 1999).

• At 840 K, both the model and UARS measurements exhibit an increase in

the ozone mixing ratio during September and early October. Advection and mixing

contribute to the September-early October model ozone increase but photochemical

production is dominant during most of the period.

These results show that the recovery of the 1997 ozone 'hole' is a mixture of

chemistry and dynamics at different altitudes and not solely one process or the other.

At higher altitudes (840 K) after November 1, dynamics do represent the main process

for ozone increases (not shown here). It is important to recognize, however, that the

initial recovery of ozone in 1997 is due to photochemical production. Likewise, the ozone

decreases in late October and--November at 500 K are not chemical but dynamical.

This study shows that both chemistry and dynamics can play unique roles to influence

the depth and recovery of the ozone hole and it is important to understand their roles

as chlorine levels continue to level off and the climate change plays an increasing role

defining meteorological conditions.
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Figure 1. Area-weighted vortex column averages based on vortex edge at 500 K. Solid

line represents modeI total column ozone, long dashed line represents TOMS total column

ozone, short dashed line represents model column below 57 hPa, dash-dot line represents

model column between 31 and 57 hPa and dash-dot-dot line represents model column

above 31 hPa.

Figure 2. Modified potential vorticity from the assimilation on the 500 K surface.

Figure 3. Modified potential vorticity from the assimilation on the 840 K surface.
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Figure 4. Time seriesfrom September1 to December1, 1997of model averagewind at

vortex edgeon the 500 and 840K potential temperaturesurfaces.

Figure 5. Time seriesfrom September1 to December1, 1997of temperature gradient

between82 and 50°Sas seenin the model on the 500 and 840 K potential temperature

surfaces.

Figure 6. Model versusobservedCH4 from HALOE sunset measurements on October

10, 1997; (a) Contour plot of the Southern Hemisphere model CH4 with the position

of the HALOE profiles denoted by asterisks; (b) Corresponding HALOE CH4 profiles

marked in (a); (c) Nearest model CH4 profiles. Profiles in 6b and 6c are color coded to

match the model CH4 mixing ratios at 15 hPa in Figure 6a.

Figure 7. (a) Time series of area-weighted model vortex average Oa at 500 and (e)

840 K between August 1 and November 1, i997; (b,f) Change in ozone mixing ratio with

respect to time (0Oa/0t, ppmv/day); (c,g) change in ozone mixing ratio due to chemistry

(003/0t, ppmv/day). Production and loss curves have been scaled down by a factor of

5; (d,h) change in the ozone mixing ratio due to advection (0Oa/0t, ppmv/day)

Figure 8. Contour plot of timeseries Of Oa (ppmv) in equivalent latitude space on the

840 K surface. White solid line represents vortex edge in equivalent latitude.
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